Direct current systems that lack an inertial force, such as fuel cells or photovoltaics, are expected to be used for electrical power in advanced sustainable cities. A small-capacity transmission network (microgrid) without inertial force has difficulties for converging short-term electric power fluctuations. Consequently, the frequency of transmission on such networks frequently diverges. Therefore, the electric power fluctuation due to cyclic fluctuation of an interconnected system of clean and renewable power sources (namely a solid oxide fuel cell (SOFC)-hydraulic generator, photovoltaics, and a wind-power generator) is investigated by numerical analysis in this study, together with means of controlling it. The characteristics of this fluctuation are clarified, and the setting range required to control the cyclic fluctuation of the transmission network is illustrated based on the relation between the inertial force of the hydraulic generator and battery (lithium ion) capacity.
Introduction
The total output of several forms of renewable energy when interconnected to the same transmission network depends upon the effects of control technologies as well as the magnitude of each fluctuation component, including cyclic fluctuations lasting a few minutes or less, fringe fluctuations lasting up to approximately 20 min, and sustained fluctuation lasting approximately 20 min or longer. Cyclic fluctuation is mainly corolled by the inertial force of a generator with a rotating machine, fringe fluctuation is subject to governor-free control of a generator, and sustained fluctuation is controlled by adjusting the output of the electric power plant connected to the transmission network as well as the control of the number of units.
Distributed energy networks are expected to be become popular in future sustainable cities based on consideration of the effective use of energy. In a distributed power supply, the scale of a transmission network from a centralized power supply system is small (microgrid), and its inertial force is restricted. When the inertial force of the transmission network is unsuitable or the fluctuations of renewable energy sources are extremely large, it is necessary to control cyclic fluctuation by introducing batteries or adjusting the inertial forces of the rotating machines. Multiple studies have been reported on electric power stabilization of the transmission network by a battery or an inertial system (Mariam et al., 2016) . The introduction of direct current power supplies, such as fuel cells or photovoltaics, to advanced sustainable cities is also expected. Because many direct current power supplies nearly have no inertial force, those power supplies can hardly control the cyclic fluctuation of the transmission network. Therefore, in this study, the characteristics of the electric power fluctuation of the microgrid formed by the interconnection of a fuel cell, a hydraulic generator, and renewable energy sources (e.g., photovoltaic and wind power generation) are investigated via numerical analysis. Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. Moreover, stabilization of the electric power by the variation of the inertia constant of the hydraulic generator and the external battery capacity is considered. Although many dynamic characteristics of a fuel cell (Obara, 2015) and a hydraulic generator (Huanhuan et al., 2016) have been reported, the electric power stabilization of the specific independent microgrid considered here has not yet been researched. Moreover, sustainable cities are expected to use heat storage-type heat pumps based on renewable energy rather than a heating system using fossil fuels. Therefore, in this study, such a heat pump is considered in the context of the electric power stabilization of the transmission network.
From these investigations, the details of the electric power stabilization by a battery and inertia system at the time of introducing the microgrid by the interconnection system of a fuel cell, a hydraulic generator, and renewable energy are clarified as a microgrid of an advanced sustainable city.
System 2.1 Outline
From the viewpoint of effectively using energy and ensuring the security of a power supply at the time of an urban disaster, microgrids formed via the interconnection of distributed power supplies in urban areas and renewable energy sources in the regions neighboring the city are investigated. Figure 1 shows the interconnected transmission network assumed in this study. A solid oxide fuel cell (SOFC) used for the cogeneration of natural gas is placed in the urban area, whose power load is calculated based on the assumed consumption of household appliances and heat storage-type heat pump systems. A renewable energy network of photovoltaics, wind power generators, and a hydroelectric-power station is built into the neighboring region, with electric power supplied to urban areas through transmission lines from this network. The hydroelectric power generator in the neighboring region and the fuel cells in the urban areas can be controlled to stabilize the electric power fluctuation of renewable energy and power loading. Moreover, fringe fluctuation can be absorbed by changing electric power into heat using a heat-storage-type heat pump. However, an economical minimum-capacity battery or inertial system is required to control cyclic fluctuations. Figure 2 shows the control mechanism for electric power fluctuations employed by the proposed system. These Governor-free control of hydroelectric power and SOFC Battery, inertia force of power source Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. fluctuations are divided into the cyclic, fringe, and sustained components, which are defined based on the duration of their cycles. The characteristics of a proposed system are as follows: the electric power fluctuation for approximately one day from a few minutes corresponds to the operation of the heat storage-type heat pumps, and the expensive battery corresponds to the cyclic fluctuation with low fluctuations in electric energy. Because the magnitude of cyclic fluctuation and the convergence time of the transmission network are strongly dependent upon the inertial force of a rotating machine, the battery capacity introduced into the system influences the inertia constant of the hydraulic generator. Moreover, the electric power fluctuation over tens of seconds to approximately 1 h corresponds to the output adjustment (governor-free control) of the hydraulic generator and fuel cell. However, because the response characteristics of a hydraulic generator and a fuel cell significantly differ, this study aims at clarifying the electric power characteristics of the interconnection transmission network using these power supplies. Therefore, the load response characteristics of a hydraulic generator and a fuel cell are investigated, and the relation of the battery capacity and the inertia constant of the hydraulic generator for controlling the cyclic fluctuation of the transmission network is clarified. Figure 3 shows the configuration of the proposed system. Although the output of the photovoltaic power station and the wind farm installed in the area neighboring the city is accompanied by fluctuation, the system controller determines the output of the hydroelectric power station installed in this region as well as that of the fuel cell installed in an urban area in order to balance supply and demand (i.e., governor-free control). Equation (1) is the electric power balance equation of the proposed system. When supply and demand become unbalanced, deviations will occur in the frequency of the electrical power of the transmission network. Therefore, the system controller always measures the frequency of the transmission network and controls the output of the hydroelectric power station and the fuel cell according to the magnitude of the frequency deviation. Figure 4 is a block diagram of the proposed system prepared using MATLAB/Simulink 2015b. Figure 4 (a) illustrates the fuel cell installed in the urban area and the load of electric power and heat demand. Figure 4 (b) is a block diagram of the renewable energy sources (photovoltaic, wind power, and hydroelectric generators) and the battery installed in the region neighboring the city. Below, preparation of the model of equipment used in this study is explained. Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00469]
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SOFC
In this section, modeling of the SOFC is described with reference to previous studies.
Mass balance
Equations (2) and (3) are the mass balance expressions of the anodes and cathodes in the SOFC. In each equation, i is the substance component (Table 1) . The term rc ad n , is the number of chemical reactions of the anode shown in Table 2 , and rc cd n , is the number of chemical reaction of the cathode shown in Table 3 .
The terms
in Table 2 are the rates of chemical reaction. Tables 2  and 3 , and the response times of the governor control described in the following paragraph.
Governor control
Equation (4) gives the molar-flow rate in case of the gasconstituent i , which passes the anode valve (Blackburn et al., 1960) . When the equation of state of an ideal gas is used, the partial pressure of i in the anode gas is expressed by Eq. (5); this equation is rewritten as Eq. (6) when the material balance in the anode is considered. Moreover, the reaction velocity of i in the anode gas is expressed by Eq. (7) from the electrochemistry reaction. Equation (8) 

of the mixed gas supplied to the anode and cathode, respectively: Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. Even though it took into consideration on the theoretical reaction velocity of steam reforming in analysis, the details of the response characteristic of an external reformer are not taken into consideration. (10) Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00469]
Governor control
The hydroelectric power-generation model is shown in Fig. 6 . The available head (H) and the length (L) of the water tube are assumed. Thus, the power, h P , of the turbine shaft of the hydroelectric generator is obtained by Eq. (11). Equation (12) is the machine output,
Here, h  represents the efficiency of the turbine, whose value is obtained using Eq. (13) 
Inertial System
Equation (16) Hydro electric generator Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) 
Battery
The charge and discharge rate of the battery should satisfy Eq. (17) 
Analytical conditions
The equipment specifications of the SOFC and the hydroelectric generator used in this analysis are shown in Table  4 . The control parameters of the hydroelectric generator were determined by trial and error concerning the magnitude of electrical power fluctuations of the transmission network. Moreover, the power specification of the transmission network and the loading and battery conditions are shown in Table 5 . Figure 9 shows the analytical results of the step response of the SOFC. When supplying electrical power to the transmission network by the SOFC, the power and heat pump loads were assumed to fall instantaneously. The step load pattern can be used to evaluate the electrical power stability of the transmission network under extremely severe conditions. The constant impedance load supposing the power and heat pump loads is connected to the transmission network. Figure 9 (b) shows analytical result of the response when the step load shown in Fig. 9 (a) being given to the transmission network, with a 2.7-MW alternating current outputted by the SOFC system. Moreover, Fig. 9(c) shows the result of the deviation of input and output by the step load and the response of the SOFC. The peaks of the extremely short-term deviation appear when the step of the load changes. However, because the direct current output of the SOFC is changed into an alternating current waveform at high speed by an inverter, fluctuation of the deviation does not continue for a long time.
Results and discussion
Dynamic characteristics of SOFC
Dynamic characteristics of hydroelectric generator 5.2.1 Characteristics of series step load
The electric power response of the hydroelectric generator under the application of series fluctuation to the transmission network is investigated. Figure 10 shows response results when a falling step load (for 5 s) of 0.1 MW is continuously applied at intervals of 20 s to the 6-MW-output hydraulic generator. When this generator has an inertia constant of commonly used 3.2 s and when the load pattern shown Fig. 10(a) is inputted, the response shown in Fig.  10(b) is obtained. Unlike the response results of SOFC shown in Fig. 9(b) , this result converges only after 10 s or more of electric power fluctuation. Moreover, Fig. 10(c) shows the deviation of the responses of the load input and the hydraulic generator. The maximum deviation of 0.2 MW is equivalent to 0.3% of output. In the case of a 60-Hz rated frequency, the maximum fluctuation of the frequency that occurs from a supply and demand deviation of electrical power is 0.18 Hz. Because the allowed frequency deviation from 60 Hz in Japan is generally 0.2 Hz, the load change shown in Fig.  10(a) does not present a problem. Response speed of SOFC is dependent on the electrochemical reaction rate and speed change of reaction temperature. Even though the electric power of SOFC has few inertia force, output power is controlled Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. by adjustment of the fuel flow rate and reaction temperature. On the other hand, the response characteristic of hydraulic generator is dependent on the sum total inertia force of a turbine and a generator. The output is controlled by adjustment of the amount of water supplied to the turbine. The response characteristic of hydraulic generator with a large inertia force became slow compared with SOFC.
Characteristics of step loading
The response characteristics of the transmission network are investigated in the case where the fall step load is 0.5, 1.0, or 1.5 MW (as shown in Fig. 11(a) ) with a hydroelectric generator output of 6 MW. The step loading of Fig. 11(a) assumes that the power and heat pump loads fall rapidly. Moreover, because the electric power fluctuation of the transmission network is strongly influenced by the inertia constant of the hydroelectric generator, the cases of inertia constants for 0.5 s (Fig. 11(b) ), 1.6 s (Fig. 11(c) ), and 3.2 s (Fig. 11(d) ) are investigated. Fig. 11(b-1) , 11(c-1), and 11 (d-1) show that the convergence time of the transmission network increases when the inertia constant is large. On the other hand, as shown in Fig. 11(b-2) , 11(c-2), and 11(d-2), the inaccuracy of the supply and demand balance of the transmission network changes with the magnitude of the inertia constant. Because the electric power output of the SOFC does not have an inertial force, the peak (Fig. 9(c) ) of the supply and demand difference of the transmission network using the SOFC described in Section 5.1 is large compared with the peak (Fig. 11(b-2) , 11(c-2), and 11(d-2)) of the hydraulic generator with inertial force. The magnitude and convergence time of the load change will be controlled when the inertia constant of the hydraulic generator is set to a small value. To improve the magnitude of the frequency change in the range of regulation, it is necessary to further control the peak of the instantaneous supply and demand difference of the step load of a battery. Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00469]
Characteristics of battery capacity
The battery capacity enabling the stabilization of electrical power under the step load of Fig. 11(a) is investigated. Figure 12(a) shows the analytical results of the magnitude of the change of each step load and the maximum fluctuation (peak) of the electrical power. Decreasing the inertia constant of the hydraulic generator allows the control of the electric power fluctuation of the transmission network. Figure 12(b) shows the analytical result for electric energy (Fig. 8) following electric power fluctuations, and Fig. 12(c) shows the convergence time results of the electric power fluctuations of the transmission network. The electric energy with these fluctuations is so large that convergence time is long. The battery capacity for controlling the fluctuations shown in Fig. 12(a) in the range of regulation (60 ± 0.2 Hz) is shown in Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00469] Fig. 12(d) based on Eq. (18) of Section 3.3. Although the change of the battery capacity is small compared to that of the inertia constant of the hydraulic generator (Fig. 12(d) ), both must be set to specific values to suitably stabilize the transmission network.
Interconnection system of SOFC and hydraulic power generation 5.3.1 Characteristics of step load
When supplying the transmission network with an interconnected SOFC and-hydroelectric generator system, total output of 7 MW, Fig. 13 shows the analytically calculated responses of electric power (Fig. 13(b-1) and 13(c-1)) and supply and demand difference (Fig. 13(b-2) and 13(c-2)) in the case where the step load shown in Fig. 13(a) is applied. As seen in Fig. 13(b-1) and 13(c-1), when the magnitude of the fluctuation of the step load increases, the load following the characteristics of electric power becomes worse. The instantaneous peak of the electric power supply and demand of the transmission network occurs when the magnitude of the SOFC (Fig. 9(c) ) is larger than that of the hydraulic generator ( Fig. 11(b-2) , 11(c-2), and 11(d-2)). However, the peak of the instantaneous supply and demand difference shown in Fig.  13 (b-2) and 13(c-2) is larger than that of the SOFC. The difference between the responses of the SOFC and the hydroelectric generator is expected to be the cause of this. 14(d) shows the battery capacity for maintaining these fluctuations in the regulation range when applying the step load shown in Fig. 13(a) to the interconnected system of the SOFC and the hydroelectric generator. In this system, the inertia constant of the hydraulic generator strongly influences the electric power fluctuation of the transmission network. However, when the magnitude of the inertia constant exceeds 1.0 s, the electric power fluctuation of the transmission network will not converge. Accordingly, controlling the fluctuations becomes impossible when the inertia constant of the hydraulic generator is large. The maximum fluctuation of Fig.14 (a) is larger than the SOFC alone (Fig.9 (c) ). On the other hand, the maximum fluctuation is smaller than hydroelectric generator alone ( Fig.12 (a) ). The electric energy of the fluctuations (Fig. 14 (b) ) and the convergence time (Fig. 14(c) ) are smaller than the results for the hydroelectric Step load of 1.5 MW 1.0 MW 0.5 MW Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00469]
Battery capacity
Amount of maximum introduction of renewable energy and heat pump
Electrical power is supplied to the transmission network from the 3.0-MW-output SOFC and the 4.0-MW-output hydroelectric generator (Section 5.3), and each step load from 0.5 to 1.5 MW is given as a load fluctuation. In this case, the maximum fluctuation of the step load is converted into the capacity of the renewable energy source and the heat pump as follows.
Photovoltaics
In the example of the measurement results of the global solar radiation meter distributed in the bounds of a few kilometers, when a set of 20 measuring instruments are interconnected, the cyclic fluctuation of the amount of global solar radiation below 10 s is 20% or less of the rated power (The National Institute of Advanced Industrial Science and Technology (AIST) of Japan, 2014). On the other hand, the maximum output fluctuations by one global solar radiation meter reaches nearly 70% of the rated power in a few seconds. Therefore, the step input of the 0.5 1.5 MW load change shown in Fig. 13(a) assuming the wide placement of the photovoltaic generators is equivalent to the installation of photovoltaics with a total rated power of at least 0.36 1.07 MW.
Wind power generation
From the example of the measurement results of the amount of interconnection of the wind power generator placed generator ( Fig. 12(b) and 12(c) ). Consequently, the battery capacity controlling the electric power fluctuation of the interconnected transmission network is less than half that of the hydraulic generator alone (Fig. 9(d) ), as shown in Fig.  14(d) . Obara, Nagano, Morel, Katsura, Sakata and Kikuta, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. at the bounds of several hundred kilometers and from the amount of fluctuations of short-period fluctuation (for 20 min), the short-period fluctuation of the interconnected wind power generators constitutes 23% of the rated power (Check working group of the interconnection possible quantity of wind power generation, 2011). When this value is introduced, the step input of the 0.5 1.5 MW load change is equivalent to the installation of wind power generators with a total rated power of 0.31 0.93 MW.
Heat pump
When a heat pump with a coefficient of performance (COP) of 3.0 is assumed, the 0.5 1.5-MW load-change step input is equivalent to a step from 1.5 to 4.5 MW for the thermal power of the heat pump. In the range of the inertia constant and battery capacity of the transmission network described in Fig. 14 , sudden starting and stopping of the heat pump is restricted to thermal powers of 4.5 MW or less. When the system experiences significant heat demand, a combined operation of the heat pump and heat storage tank with a time shift operation of heat energy should be planned.
Conclusions
Because the power supply of a direct current system has nearly no inertial force, electric power fluctuations of the transmission network have difficulties converging within a short time. To apply such technology to serve as the power supply of a sustainable city, the characteristics and the control mechanisms of electric power fluctuations were investigated under the assumption of a microgrid comprising clean power supplied by an interconnected system that comprises an SOFC, a hydroelectric generator, and a renewable power source.
The conclusions are described as follows: 1) Although the stack output of the SOFC is changed at high speed into an alternating current by an inverter, large fluctuations do not last longer as the inertial force is excluded from this alternating current. On the other hand, the inertial force is included in the electrical power of a hydraulic generator. In a system with a large inertia constant, a large output fluctuation lasts longer.
2) In the interconnected system comprising an SOFC and a hydroelectric generator, when the large inertia constant of the generator is set, stable electric power supply will not be obtained. Moreover, the battery capacity considered in the 
